Selenocysteine-containing proteins (selenoproteins) have been implicated in the regulation of various cell signaling pathways, many of which are linked to colorectal malignancies. In this in-depth excurse into the selenoprotein literature, we review possible roles for human selenoproteins in colorectal cancer, focusing on the typical hallmarks of cancer cells and their tumor-enabling characteristics. Human genome studies of single nucleotide polymorphisms in various genes coding for selenoproteins have revealed potential involvement of glutathione peroxidases, thioredoxin reductases, and other proteins. Cell culture studies with targeted downregulation of selenoproteins and studies utilizing knockout/transgenic animal models have helped elucidate the potential roles of individual selenoproteins in this malignancy. Those selenoproteins, for which strong links to development or progression of colorectal cancer have been described, may be potential future targets for clinical interventions.
Introduction
Colorectal cancer (CRC) is a common malignancy, affecting millions of people worldwide. In the USA, an estimated 95,520 new colon cancer cases and 39,910 new rectal cancer cases, and an estimated 50,260 deaths due to CRC were expected for 2017 [1, 2] . Similarly, in Germany, 61,000 new CRC cases were expected for 2016 [3] , and CRC has been the second leading type of cancer in terms of incidence across Europe [4] . Worldwide, well over one million new cases are estimated to be diagnosed annually [5] . Selenium (Se) is an essential trace mineral that occurs naturally in the environment as both inorganic and organic chemical species. Soil Se concentrations vary geographically with the erosion of rocks containing selenites and selenides. A lower Se status, usually as a result of a lower Se intake, has been found to be associated with increased risk of colorectal malignancies. In contrast, an increased Se intake was associated with lower risk of colonic adenoma recurrence [6] [7] [8] . Therefore, for populations living in areas with lower soil Se, such as in some areas of China, Europe, and Africa, Se supplementation may be recommended. As with most other nutrients, the intake-benefit/risk correlation of dietary Se follows a U-shaped curve, where both inadequate and excess Se have been shown to result in deleterious effects in humans [9] .
Many in vitro, animal, and clinical studies have demonstrated the importance of Se in (human) health, including its role in CRC. Estimated from food consumption patterns in 27 countries, an early ecological study found significant inverse correlations between dietary Se intake and cancers of the large intestine and rectum, among others [10] . Subsequently, two major clinical trials evaluated the role of dietary Se supplementation in cancer prevention: the Nutritional Prevention of Cancer (NPC) trial and the Se and Vitamin E Cancer Prevention Trial (SELECT). The results of the NPC trial, where participants received a daily oral dose of 200 µg Se in brewer's yeast, showed no effect on the recurrence of the primary outcome, skin cancers; however, risks of total cancer mortality and cancers of the prostate, colon, and rectum with Se-supplementation compared to placebo controls were reduced [11] . In SELECT, participants received 200 µg L-selenomethionine per day and/or Vitamin E to assess mitigating effects on prostate cancer risk. After a 5.5 year median follow up, no decrease in prostate cancer incidence was found, and the trial was halted [12, 13] . Subsequent analyses showed that the relative risk for colorectal adenoma occurrence was not significantly reduced in participants of the Se intervention arm compared to placebo. Serum levels in the subjects used in SELECT indicated that participants were Se replete at baseline [14] . Thus, as has been argued repeatedly, the type of Se supplementation might be important, as the mechanisms of intestinal absorption of Se differ depending on the chemical form of the element [15] , as well as host factors such as sex, age, nutritional status [16] , and the composition and activity of the intestinal microbiome. Furthermore, it is possible that Se supplementation in terms of cancer preventive effects, may only benefit those individuals with low-to-adequate baseline Se [14, 17, 18] .
For the chemopreventive effects of Se observed in in vitro and animal studies, as well as in earlier human clinical trials (with lower participants' serum Se levels), several mechanisms and pathways have been proposed, including decreased oxidative stress, altered metabolism of carcinogens, regulation of immune and apoptotic pathways, and DNA repair [19] . The exact mechanism of how Se modifies these many pathways remains to be elucidated. Importantly, it has become increasingly recognized that, very often, the biological effects of Se appear to be mediated through various selenoproteins. Selenoproteins contain at least one selenocysteine (Sec), which is the 21st amino acid in the genetic code. It is co-translationally inserted into selenoproteins by recoding of the UGA stop codon (see reviews in [20] [21] [22] ). The human selenoproteome is encoded by 25 genes [23] . While the function of some selenoproteins is still unknown, their significant role in human health is increasingly uncovered. Among those selenoproteins that have been characterized, many have been shown to play a role in redox regulation, thyroid hormone metabolism, protein folding, or disulfide isomerization [21] .
Whereas other reviews have addressed aspects of Se and selenoproteins in cancers in the general sense [20, [24] [25] [26] , our review will concentrate on those selenoproteins with suspected roles in CRC, grouping them, as possible, by their known or suspected functions according to the 'hallmarks of cancer' and enabling characteristics, as described by Hanahan and Weinberg [27, 28] . It should be noted that these cancer hallmarks and other characteristics are interconnected [29] , and that especially redox signaling and its regulation in homeostasis are important overarching themes, networking the individual contributors in pathways that continue to be investigated.
Hallmark: Redox homeostasis/deregulated redox signaling
Organisms rely on effective cellular redox homeostasis, balancing production and elimination of oxidants from both exogenous and endogenous sources. Reactive oxygen species (ROS), whether byproducts of metabolism or purposefully made species, are important signaling molecules, utilized by cells to affect signaling programs, activation and inactivation of transcription factors and other target proteins. A substantial amount of endogenous ROS is generated by members of the NADPH oxidase (NOX) family of enzymes during redox-mediated kinase signaling [30] . To maintain ROS below toxic levels, and to mediate ROS signal duration, organisms evolved defense enzyme systems and mediators of redox signaling pathways (reviewed in [31, 32] ), which includes catalases, peroxiredoxins, and importantly, selenoproteins such as members of the glutathione peroxidase and thioredoxin reductase families. Redox signaling is involved in the regulation of many proteins and signaling cascades that are connected to various hallmarks and enabling characteristics of cancer [31] . Consequently, redox homeostasis is often observed to be deregulated in cancer cells, leading to increased ROS levels, but also increased activities of enzymes involved in cell maintenance. Most selenoproteins are oxidoreductases or possess a thioredoxin-like fold, suggesting potential involvement in redox functions. Redox homeostasis is maintained in various cell compartments, most notably in cytosol and mitochondria. Selenoproteins with expression in colorectal tissues and well-established functions in redox control, and are therefore described in this section, include glutathione peroxidases and thioredoxin reductases, SELENOP, and SELENOW. The endoplasmic reticulum (ER) is another critical compartment for redox control that exists in an oxidative environment necessary for efficient disulfide bond formation and control of the unfolded protein response (UPR) (reviewed in [33] ). The UPR, a consequence of disrupting the ER homeostasis as a result of accumulation of unfolded proteins in the ER, leads to degradation of misfolded proteins and an increase in the production of molecular chaperones involved in protein folding. It may also trigger intracellular oxidative stress, and initiation of pro-apoptotic signals. The UPR may also directly interact with ROS-mediated ER calcium efflux [34] . Thus, for ER-resident selenoproteins in general, molecular crosstalk to ER-and oxidative stress-mediated signaling pathways, and intrinsic apoptotic pathways should be considered. Six mammalian selenoproteins (SE-LENOF, K, M, N, S, T) had originally been identified as ER-residents [35] . Recently, SELENOI has been added as an additional ER-resident selenoprotein [36] . For some of these, a role in the UPR (SELENOF, SELENOK, SELENOS) or regulation of calcium homeostasis (SELENOK, M, N, T) has been suggested (reviewed in [37] ). Thus far, it appears as if evidence among ER-resident selenoproteins for a role in cancer is limited to SELENOF and SELENOS, which are described in this section.
There are several isozymes of glutathione peroxidase (GPX) in mammals. In humans, among eight known GPXs, five are selenoproteins (GPX 1,2,3,4,6). GPXs reduce hydrogen peroxide, organic hydroperoxides and/or phospholipid hydroperoxides via their substrate, glutathione (GSH). GPXs are present in the cytosol of all cell types, including epithelial cells of the gastrointestinal tract [21] , and are discussed below primarily with relevance to CRC. Extensive in-depth reviews on GPXs in cancer in general, their functions as they relate to metabolism of hydroperoxides, and their likely functions in cancer promotion and progression have been published recently [38, 39] . Among the glutathione peroxidases, GPX1 was the first identified, and is likely the most in-depth investigated enzyme. It is also one of the most studied selenoenzymes in general [40] [41] [42] . Its cytosolic expression is regulated by the Se status of the organism, and is particularly abundant during erythropoiesis [43] . GPX1 expression has been implicated in various human diseases, including risk and development of cancers. GPX1 has been shown to be altered at both protein and mRNA levels in tissues of patients with CRC [44] [45] [46] [47] . Much of the contributions and functions of GPX1 has been elucidated using in vitro and in vivo knockout models. The major role of GPX1 has always been thought to relate to amelioration of peroxide-mediated deleterious effects. In healthy tissues, this would be considered anti-tumorigenic through prevention of cytotoxicity and inflammation. In transformed cells, GPX1 activity could be considered pro-tumorigenic, as it would prevent oxidation-mediated initiation of apoptosis [38, 39] . However, in several types of cancers, GPX1 is reported to be down-regulated [38] , hinting at a potential interesting dichotomy or tissue-specificity in its function. Therefore, while very limited evidence has been presented, it is likely that the ubiquitously expressed GPX1 may be involved in colorectal tumorigenesis. It should be emphasized, however, that especially in colorectal tissues, another GPX isoform, GPX2, is considered highly relevant [48] , and is thought to possibly functionally compensate for reduced levels of GPX1 [49] .
GPX2 appears to be involved in various human malignancies, such as squamous cell carcinoma and, in particular, CRC. Expression and mRNA stability of GPX2 are maintained under lower Se availability, indicating that GPX2 ranks high in the hierarchy of GPX selenoproteins [50, 51] . Based on its basal expression profile initially identified in rodent gastrointestinal tissues, GPX2 has often been referred to as the gastrointestinal GPX, although it is found to be expressed in many other tissues, especially of epithelial origin [48, 50, [52] [53] [54] , and even in embryonic stem cells [55] . Within the gastrointestinal tract, it is found in the intestinal crypt epithelium, specifically in the rapidly proliferating crypt bases [52, 56] . GPX2 has been thought originally to function as a defense mechanism against dietary hydroperoxides, to which the gastrointestinal mucosa is exposed regularly [51] . More importantly, GPX2 functions to mediate signal duration of endogenously created ROS by forming a disulfide with glutathione [30] . This may be especially important as a response to ROS generated by NOX, whose expression is often dysregulated during carcinogenesis [38] . Thus, increased expression of GPX2, which is regulated by NF-E2-related factor-2 [57, 58] , has been suggested as a mechanism against severe oxidative stress [59] , including conditions where increased cell proliferation is likely stimulated as a response to stress.
Three mammalian thioredoxin reductases (TXNRD) are structurally similar and contain a C-terminal extension that harbors Sec [60] . These enzymes were suggested to mediate nutritional Se intake-mediated effects on health and disease in human populations [61] . TXNRDs function in NADPH-dependent reduction of thioredoxins, which in turn maintain cysteines in cellular proteins in the reduced state. TXNRDs can reduce other substrates as well, including ascorbic acid and hydrogen peroxide, and also certain inorganic and organic forms of Se (e.g., selenite and selenodiglutathione). Thus, TXNRDs play a key role in redox homeostasis and Se metabolism, and therefore may affect human health and disease directly through their redox function, and indirectly through other Se-dependent functions (reviewed in [21, [61] [62] [63] [64] ).
TXNRD1 is a gene for which several splice variants are known, which are thought to be pivotal components of diverse cellular signaling pathways and redox-related mechanisms [61] . These encode a number of protein variants, which are thought to either possess glutaredoxin and thioredoxin reductase activity, induce polymerization of cytoskeletal proteins, or modulate the transcriptional activity of estrogen receptors α and/or β. These isoform-specific functions are likely tissue-type specific [61, 63, [65] [66] [67] . Importantly for tumorigenesis, TXNRD1 has been shown to promote functions of known tumor suppressors, including p53, protein kinase C, and the phosphatase and tensin homolog PTEN, as well as functions of transcription factors, such as NFκB, for which both pro-tumorigenic and tumor suppressing roles have been described [68] . It is important to note that both p53, often referred to as the 'guardian of the genome', and PTEN play significant roles in cell cycle regulation, but also in the cellular response to oxidative stress, thus mitigating potential ROS-induced DNA damage [69, 70] . However, in an earlier study using a human colon cancer cell line, p53 repressed TXNRD1 expression, indicating a p53-dependent regulation of TXNRD1 [71] . Interestingly, TXNRD1 also appears to show a stabilizing effect on p53 [72] . TXNRD1 can also inhibit Src tyrosine kinase, and thus limit hydrogen peroxide-mediated induction of growth signals and impact vascular endothelial growth factor expression (reviewed in [62] ). The roles that ROS and proteins with antiand/or pro-oxidative functions play in the initiation, progression, or prevention of tumors are highly complex [73, 74] , and, as the extensive literature on this topic shows, this is demonstrated for several selenoproteins in general, and TXNRD1 in particular.
Thus, it is not entirely unexpected that TXNRD1 appears to have roles in preventing as well as promoting and sustaining cancer (see reviews in [20, 61, [75] [76] [77] [78] ). On the one hand, TXNRD1 has been found to suppress tumor initiation, growth, invasion and metastasis. Much of this ability appears to be through support of redox homeostasis, and this is also thought to be the main aspect in the prevention of malignancies such as CRC. The activity of TXNRD1 was detected in biopsy specimens from normal mucosa of colorectal tissues, but not in samples from the ileum [50] , and increased expression levels of TXNRD1 were detected in colorectal carcinoma specimens [47] . Targeted down-regulation of TXNRD1 in human colon cancer cells made the cells more susceptible to apoptosis mediated by mitomycin C, a CRC therapeutic drug [79] , and sensitized colon cancer cells to cytotoxicity and ER stress by methylseleninic acid, resulting in increased autophagy and apoptosis [80] . On the other hand, increased levels of thioredoxin [81] and TXNRD1 have been found in many cancer cells, suggesting a tumor protective function, thus supporting tumor promotion and progression. Both oxidative stress and hypoxia are common features in malignancies, pointing to the importance of redox systems in tumorigenesis. Interestingly, hypoxia has been shown to down-regulate TXNRD1 expression, and, whereas TXNRD1 deficiency increases hypoxia-induced ROS levels, overexpression of TXNRD1 attenuates the hypoxia-induced increase of ROS [82] .
SELENOP, which was previously known as SeP, SELP, SEPP, or commonly SEPP1, is different from other selenoproteins in that it contains several Sec residues. The actual Sec number varies among species; in humans, this gene contains 10 s codons, and thus the protein includes multiple Sec. SELENOP is predominantly expressed in the liver and secreted into the plasma, where its main function is to transport Se to peripheral tissues. At present, plasma SELENOP expression is frequently used as a biomarker for the organism's Se status [83] . SELENOP is also abundant in healthy tissues of the intestinal tract as well as in human colon cancer cell lines [45, 84, 85] . In target tissues, SELENOP is endocytosed via apoER2 receptors in tissues such as brain and testis, or the lipoprotein receptor megalin in the proximal tubule of the kidney (see review in [86] ). SELENOP is then degraded intracellularly to free Se for synthesis of other selenoproteins. In addition to the nine Sec residues in the C-terminal domain, which are used to transport Se, the single Sec residue in the N-terminal domain is located within a redox motif. It likely functions in a redox capacity [21, 87] , as findings from a mouse study with a non-functional serine in place of Sec at residue 40 in the N-terminal domain supported [88] .
SELENOW, formerly known as Selw or Sepw1, appears highly expressed in tissues from skeletal muscle, heart, and brain [89] . A possible antioxidant function was suggested in studies using human cancer cell lines overexpressing SELENOW [90] . The presence of the thioredoxinlike fold, and evidence from studies in primary cultured cells derived from embryonic cerebral cortex demonstrating SELENOW's role in protection of neurons from oxidative stress [91] , all point towards a redox function for this gene. mRNA expression analyses of mice on various Se diets suggested that SELENOW expression in colorectal tissues is sensitive to Se intake [92] . As a matter of fact, studies regarding SELENOW levels in response to dietary Se, especially in poultry, are abundant, and suggest that SELENOW may be useful as a biomarker for Se status of the organism [93] . Unfortunately, much less information is available regarding a possible role of SELENOW in human malignancies, especially CRC.
The 15 kDa selenoprotein 'SELENOF', formerly known as SEP15, is in the category of stress-related selenoproteins, indicating its expression is dependent on available Se. Expression of SELENOF in humans and mice is high in organs that have been shown to be protected from malignancy via Se, including normal liver, kidney, brain, and testis, with the highest levels detected in normal thyroid and prostate tissues [94, 95] . The exact molecular function of this ER-resident protein is still under investigation. Mechanistically, Labunskyy et al. [96] showed upregulation of SELENOF in response to adaptive UPR, whereas acute ER stress led to rapid degradation of SELENOF by proteasomes. However, SELENOF deficiency in mouse fibroblasts did not result in detectable ER stress, and the in vivo knockout model resulted in only mild oxidative stress in liver [97] . Recent evidence points to the function relating to its role as a gatekeeper in the regulation of folding of proteins such as immunoglobulins that exit the ER, sorting, and transport from the ER to the Golgi network thereby supporting redox quality control of disulfide-rich glycoproteins [21, 98] . Supporting evidence includes the findings that SELENOF forms a complex with UDP-glucose:glycoprotein glucosyltransferase, an enzyme involved in the quality control of glycoprotein folding in the ER, and that mice lacking systemic SELENOF expression developed cataracts compared to littermate controls, presumably through accumulation or clumping of misfolded proteins [97] . How this particular function relates to CRC remains to be investigated; however, given the changes of other cancer-enabling characteristics observed in CRC cells and animals with severely reduced or ablated SELENOF expression, a role for SELENOF in redox-mediated colorectal tumorigenesis is likely.
SELENOS (previously known as SelS, SepS1, Tanis, or VIMP) is predominantly found in the ER membrane, although cell surface expression and detection of a secreted form in human serum have also been described [99] . Whereas the function of the secreted form remains unclear, the ER-resident form of SELENOS is a transmembrane protein, and it has been implicated with ER-associated protein degradation and protein unfolding response [100] . Given that a human genotyping study linked SELENOS to estrogen-linked CRC risk [101] , an indirect role for SELENOS in CRC is plausible.
Hallmark: Resisting cell death
High cellular levels of ROS, redox stress, and disruption of ER homeostasis may lead cells to activate signaling pathways initiating apoptosis [33] . The intrinsic apoptotic pathway is mitochondriamediated, and both cytosolic and mitochondrial subcellular localization has been described for members of GPX and TXNRD families.
GPX1 is primarily thought of as a cytosolic selenoprotein. However, its mitochondrial matrix expression in various tissue types has also been described [102] . In a colon cancer cell model, p53 induced GPX1 mRNA expression [71] , which may suggest a potential role for GPX1 in p53-mediated apoptosis.
Various tissue types express the cytosolic housekeeping selenoprotein GPX4, which is the only enzyme capable of reducing phospholipid hydroperoxides within cell membranes and lipoproteins [21, 103] . Phospholipid hydroperoxides may regulate different redox-signaling pathways than hydrogen peroxide, but cross-talk likely exists [102] . Down-regulation of GPX4 via RNAi in the human intestinal epithelial cell line Caco2 showed that lack of GPX4 results in increased levels of mitochondrial ROS and decreased mitochondrial ATP levels. These in vitro studies suggest that GPX4 plays a major role in oxidative phosphorylation and mitochondrial dysfunction pathways, thus protecting mitochondria from oxidative damage [104] . Interestingly, GPX4 has recently been shown to be the key component in controlling ferroptosisinduced cancer cell death [105] , a feature distinct from the betterknown apoptotic cell death. Whereas its specific impact in CRC remains to be elucidated, given that GPX4-mediated regulation of ferroptosis is essential for hepatocyte function and survival [106] , an important role for this selenoprotein is plausible.
The cytosolic GPX2 has also been suggested to play a role in apoptosis. This was demonstrated, for example, in a mouse model of inflammation-mediated carcinogenesis [56, 107] , where GPX2 deficiency correlated with increased rate of apoptosis in crypt bases of the intestinal epithelium [107] . Furthermore, in an artificial system of GPX2-overexpressing colonospheres derived from patients harboring colorectal liver metastases [108] , these cells were found to inhibit hypoxia-induced effects on caspase processing, likely pointing to GPX2's role in redox regulation and apoptosis. Mechanistically, its ability to regulate apoptosis is thought to be, at least in part, mediated by NOX1. This member of the NADPH oxidase family is expressed in various epithelial tissues, including in the apical membrane of enterocytes in the gastrointestinal tract, and is often induced in patients with inflammatory bowel disease [109] . This was demonstrated in mice deficient in GPX1/GPX2 [110, 111] , where increased NOX1 expression correlated with an increase in apoptosis in crypt epithelium. As a result of increased apoptosis, leakage of bacterial products into circulation may occur, which likely contributes to inflammation [110] , a tumor enabling characteristic further described below [28] .
Intriguingly, targeted downregulation of GPX3 in the human colon cancer Caco2 cells led to increased apoptosis. This is in contrast to findings in vivo, where GPX3 deficiency in a knockout mouse model of chemically-induced inflammatory carcinogenesis did not impact apoptotic markers [112] . The mechanism and GPX3's potential relevance to CRC in vivo continues to be elucidated.
TXNRD2 encodes a mitochondrial TXNRD form, believed to be of importance in redox regulation in this cellular compartment [113] . Dysregulation of redox status is frequently observed in cancers, and TXNRD2 expression has been shown to be upregulated in some malignancies [114, 115] . Because down-regulation of TXNRD2 in lung carcinoma cells induced apoptosis [115] , and because TXNRD2 is a putative target of the WNT-signaling pathway [116] , which is often deregulated in CRC, TXNRD2 may be acting as an oncogene in the context of tumor progression by modulating apoptosis signaling.
Hallmark: Cell proliferation, cell cycle regulation
Increased or uncontrolled cell proliferation is probably the best known hallmark of cancer cells. Whereas cell cycle regulators, including cyclins, cyclin-dependent kinases and their up-and downstream regulators often play a role, it should be noted that redox signaling also modulates cell cycle entry and transition (reviewed in [29] ). Thus, extensive crosstalk exists between redox homeostasis described above and cell proliferation described here. Accordingly, selenoproteins that are involved in redox homeostasis are often also involved in regulation of cell proliferation.
GPX1 appears to be involved in a number of cell signaling pathways, and much has been learned from targeted downregulation of the gene in cells, or systemic knockout or overexpression in animals. However, the results are conflicting and thus far only provide limited information for colorectal malignancies. Overexpression of GPX1 in non-CRC cell lines resulted in reduced proliferation [117] , decreased rate of UV-induced DNA damage [118] , and aberrant phosphorylation of extracellular-regulated kinases [119] , among other effects, suggesting at least a potential role in regulation of cell proliferation in CRC. Using GPX1/GPX2 knockout mice, NOX1 has been implicated as a contributor to proliferation in intestinal epithelia [111] , further suggesting an indirect role of GPXs in cell proliferation. However, it is difficult to assess, whether this is due to lack of GPX1, GPX2, or both, though it should be noted that, unlike GPX1/GPX2 double-knockout mice, animals deficient solely in GPX1 have not been reported to spontaneously develop tumors [120] . GPX2 is highly expressed in mucosal epithelia of the intestinal tract, specifically in the crypt base of colorectal epithelia. In addition to the evidence of an increase of proliferating cells in GPX1/GPX2 knockout mice [120] , it appears that GPX2 is regulated via the WNT/β-catenin pathway, an important pathway in CRC, which is particularly active in proliferative crypt compartments of colorectal tissues [116] .
Among the TXNRDs, evidence suggests that TXNRD1 affects cell proliferation. A mouse colon carcinoma cell line with Txnrd1 ablation via RNAi showed decreased cell proliferation with concomitant strong increase in Cyclin B1 Interacting-Protein-1 mRNA expression [78] , as well as decreased anchorage-independent growth. It should be noted that, in colorectal tissues specifically, there appears to be some discrepancy between in vitro and in vivo findings, as Lechner et al. described using reverse transcription-PCR and in situ hybridization techniques [121] . Lack of TXNRD1 expression was apparent in neoplastic areas of colonic cancer tissue, and in epithelial cells in colonic mucosa. Interestingly, TXNRD1 expression was detectable in human colon cancer HT29 cells grown in monolayers, but not when grown as spheroids or as tumors in SCID mice, which may complicate comparative analyses across studies [121] . Mitochondrial TXNRD2, in addition to its potential role in other cancer-enabling characteristics, appears to promote cell proliferation, cell invasion and migration [115] , which was shown primarily in mouse embryonic fibroblasts, where activation of hypoxia-inducible factor-1α signaling failed in absence of TXNRD2 [122] . TXNRD2 activity appears to be positively regulated by p53R2 [123] . Thus, evidence from other malignancies suggests that TXNRD2 might contribute to CRC as well. Both TXNRD2 and TXNRD3, along with GPX2 as described above, had been identified as novel WNT targets [116] suggesting involvement of additional pathways that may be linked to regulation of cell proliferation.
In vitro and in vivo experiments uncovered colon tissue-specific roles for SELENOF. Murine [124] and human [125] colon cancer cell lines, in which SELENOF was selectively down-regulated via RNAi, exhibited a reversed cancer phenotype, as demonstrated by decreased cell proliferation and altered cell cycle progression [124] [125] [126] . This suggests a role for SELENOF in cell cycle regulation. Similarly, in an in vivo model, Selenof knockout mice developed fewer chemically-induced pre-neoplastic lesions than littermate controls [127] , indicating that low expression of SELENOF may be protective during the early stages of colon tumorigenesis. This further suggests a role of SELENOF expression in promoting cell proliferation and colorectal malignancies, which is supported by gene expression analyses in both cell lines and mouse colon tissues.
SELENOH (SELH, C11orf31, C17orf10), which resides in the nucleoli [89] , appears to have expression in colorectal tissues that is sensitive to Se intake [92] . In a recent publication [128] , SELENOH expression was found to be increased in tumor tissue and in colorectal cancer lines. Using targeted downregulation of SELENOH in CRC, the authors observed a cell cycle shift from G1-to S-phase in cells lacking SELENOH, likely mediated by down-regulation of the cyclin-dependent kinase inhibitor 1a, p21. These observations suggest SELENOH's involvement in cell cycle progression as well as in cellular differentiation in CRC cells. Furthermore, loss of SELENOH appeared to promote cell migration in cell culture, as well as tumor formation in mice subcutaneously injected with SELENOH knockdown cells or controls. These observations clearly indicate an important role for SELENOH in regulating cell proliferation and tumorigenesis in CRC, which would benefit from further investigations.
It has been suggested that SELENOW, at least in breast and prostate epithelial cells, may facilitate the G1 to S-phase transition via modulating expression of a cyclin-dependent kinase inhibitor, and thus enable cell cycle progression [129] . This further supports the hypothesis of SELENOW contributing to proliferation and possibly tumorigenesis. However, direct evidence supporting a role for SELENOW in CRC thus far has not been found.
Hallmark: Metastatic ability (activating invasion and metastasis)
The ability of primary tumors to invade adjacent tissues and metastasize involves complex processes. Often, this includes downregulated or inactivated expression of cell-adhesion molecules and upregulation of matrix-degrading proteases [28] , which results in the acquisition of anchorage-independent growth abilities. Three selenoproteins, GPX2, SELENOF, and TXNRD1, appear to function similarly in this case. Human colon cancer cells with targeted down-regulation of GPX2 expression demonstrated that GPX2 supported anchorage-independent growth, as well as in vivo tumor growth, but inhibited the potential for cell migration [130] . Mouse [124] and human colorectal cancer cells [125] in which SELENOF was down-regulated via RNAi demonstrated not only decreased cell proliferation, but also dramatically decreased anchorage-independent growth. Similar observations were noted in the same mouse colon carcinoma cell line with decreased Txnrd1 expression: anchorage-independent growth, and metastatic ability were severely limited. Surprisingly, a combined targeted downregulation of both SELENOF and TXNRD1 did not reverse cancer phenotypes, hinting to a more complicated interplay between selenoproteins in CRC [78] . Unfortunately, other information regarding TXNRD1's role in metastasis is limited to tissues outside the intestinal tract (reviewed in [37] ), including targeted downregulation of TXNRD1 in mouse lung carcinoma cells that had similarly resulted in the reversal in the morphology and anchorage-independent growth properties [131] . The mitochondrial TXNRD2 also appears to promote cell invasion and migration [115] , which was shown in mouse embryonic fibroblasts, where activation of hypoxia-inducible factor-1α signaling failed in the absence of TXNRD2 [122] . TXNRD2 activity appears to be positively regulated by p53R2 [123] . Thus, evidence from other malignancies suggests that TXNRD2 might contribute to CRC as well.
Enabling characteristic: tumor-promoting inflammation
The mammalian immune system often responds to various tumor types with an inflammatory response. Because inflammation can result in increased production of ROS and growth factors that promote proliferative signaling, an unanticipated side effect of inflammation is often an enhanced tumor promotion [28] . The emerging hallmark 'Evading immune destruction', in which Hanahan and Weinberg addressed avoiding both immune surveillance and concomitant restriction of tumor growth, is tightly linked to the enabling characteristic of tumor-promoting inflammation. Both the innate and adaptive arms of the immune system, which includes B cells, T cells, natural killer cells, macrophages, etc., contribute to immune surveillance and thus potentially restricting tumor growth. However, this appears to be mostly related to virus-induced cancers [28] . Of course, colon tissues and tumors may be infiltrated by immune cells, which may express genes active in immune surveillance and growth restriction, and such gene expression may be mediated by selenoproteins [132] . Furthermore, many immune cells are implicated in inflammation, which also may be modulated by selenoproteins [133] , and this may result in increased production of ROS and growth factors in colorectal tissues, promoting proliferative signaling as described in the next section. Presented here are a few selenoproteins that have been implicated, mostly indirectly, in the regulation of colorectal inflammation.
A transgenic mouse model expressing the human GPX1 gene developed a greater number of chemically-induced skin tumors [134] , potentially mediated through suppressed inflammation and decreased apoptosis, and mice overexpressing GPX1 have also been shown to develop insulin resistance and elevated body fat accretion [135, 136] . The latter might suggest some connection to intestinal cancers through obesity-related inflammation. Using transiently transfected Caco2 cells with a~60% diminished GPX1 expression compared to controls, GPX1 knockdown cells responded with a Se depletion-mediated effect on NFκB signaling and a reduced cytokine response, suggesting that expression of GPX1 may be required for tumor necrosis factor α (TNFα)-mediated activation of NFκB signaling [137] . Gpx1 knockout mice appear to have a normal phenotype, but are highly sensitive to oxidative stress-inducing agents (reviewed in [38] ). This could predispose Gpx1-knockout mice to inflammation-induced CRC, but such studies are very limited. Transgenic mice, where selenoprotein expression, including expression of GPX1, was reduced via mutation in Sec-tRNA, developed a larger number of chemically-induced pre-neoplastic colon lesions, suggesting that GPX1 and expression/activity of other selenoproteins is needed to guard against colorectal tumorigenesis [138] . This is in contrast to a study where Gpx1 knockout mice were regenerating jejunal epithelium more efficiently after γ-irradiation damage compared to controls [49] . The authors suggested that lack of GPX1, which is known to inhibit cyclooxygenase activity, allowed for increase in proinflammatory prostaglandin E2 (PGE2) levels. In turn, this supports regeneration of intestinal crypts [139] , which is also supported by nonstatistically significant observations in jejunal tissues in the previous study [49] .
Not surprisingly, intestinal GPX2 is also expected to play a role in the control of colorectal inflammation and tumorigenesis [57] . Evidence for the latter is the preferential expression of GPX2 in the intestinal crypts, where intestinal stem cells reside, and in the Paneth cells of healthy ileum epithelia, which are known to play a major role in mucosal immunity. In contrast, a more diffuse GPX2 distribution has been reported in various stages of malignancy [52] . Earlier studies found a significant increase in transcripts of GPX2 in colorectal adenomas, carcinomas, and during epithelial cell neoplastic transformation. This not only suggested a vital role of GPX2 in the gastrointestinal tract, but pointed to a possible pro-tumorigenic function [45, 53, 140, 141] , positively correlating with proliferation and differentiation of tumors, as well as associating with early tumor recurrence [142] . In animal knockout models, lack of GPX2 resulted in fewer chemically-induced pre-neoplastic colon lesions [107] , further suggesting that this protein contributes to the formation of colorectal malignancies. GPX2 was also found to inhibit inflammation-mediated tumorigenesis [143] , suggesting a dual role for this selenoprotein.
The intestinal microbiome is an important modulator of colon health, reflects an organism's health, and appears tightly linked to inflammation status of the host. The regulation of the intestinal microflora by dietary Se has been investigated in mice, which demonstrated an increased microbial diversity in response to increased Se in the diet in addition to an increase in the host's Se status and selenoproteome expression [144] . Amongst the in vivo studies utilizing transgenic mice with knockouts of selenoproteins, the gut microbiome has been investigated thus far only in Gpx1/Gpx2 double-knockout mice. In contrast to animals deficient in only Gpx1, the mice, in which both Gpx1 and Gpx2 were deleted, spontaneously developed mucosal inflammation of the ileum and colon, symptoms consistent with inflammatory bowel disease [145] . The inflammatory response is likely induced through luminal contents, including bacteria, entering the lamina propria upon lack of proper barrier function, usually provided by GPXs. This was shown in Gpx1/Gpx2 double-knockout mice that exhibited pathology and inflammation in the ileal and colonic epithelia when bacterial colonization of the intestinal tract with commensal microflora without any known pathogens occurred at birth. In contrast, Gpx1/ Gpx2 double-knockout mice raised under germ-free conditions did not develop pathologies or malignancies [120] . When barrier function is not restored, persistent inflammation in the colon may drive tumorigenesis, which is, in turn, likely modulated by the presence of certain microbes. Interestingly, the severity of the inflammatory response also depends on the host's genetic background and associated differences in intestinal microbiota, as has been shown with two different mouse strains, each lacking both Gpx1 and Gpx2 [146] . The majority of these studies suggest that GPX2, much like GPX1, functions in maintenance of colonic epithelial barrier integrity, protecting against oxidative stress during bacteria-associated inflammation. Its role in suppressing apoptosis may also explain why GPX2 transcripts are elevated in CRC cells, which would benefit tumor cells in their efforts to further proliferate. Further studies are required to help explain this dual role, which appears to depend on the cancer stage and the involvement of inflammation.
Unlike the aforementioned GPX1 and GPX2, the GPX3 isozyme is a secreted form, and thus abundantly found in plasma, where it reduces hydroperoxides. However, GPX3 mRNA is also found expressed in tissues, including in the gastrointestinal tract. Furthermore, extracellular GPX3 is transported via systemic circulation and may subsequently bind to basement membranes of colorectal epithelial cells [112] . Two transcript variants have been described, primarily in reference to promoter hypermethylation and subsequent depressed gene expression observed in various cancers. GPX3 appears to play a role in thyroid, liver and prostate cancers, and correlates with head and neck cancer chemoresistance [147, 148] . Studies with knockout mice in a chemically-induced inflammatory colon carcinogenesis model demonstrated the importance of systemic GPX3 expression, as these Gpx3-knockout mice developed increased inflammation and a larger number of colon tumors compared to controls. Subsequent in vitro experiments with the human colon cancer cell line Caco2 suggested that GPX3 played an immunoregulatory role through modulating ROS production and thus ameliorating inflammatory colitis-associated colon tumors [112] .
Methionine sulfoxide reductases (MSR) catalyze conversion of methionine sulfoxide to methionine. Among the three MSR families known, MSRBs are responsible for the reduction of methionine-R-sulfoxide residues in proteins, and as such assist in protecting cellular proteins from oxidative stress. MSRB1 (formerly known as SELR, SEPR, or SELX) is found in the cytosol and nucleus of mammalian cells, and it evolved to utilize catalytic Sec [149] [150] [151] . Expression of MSRB1 decreases under conditions of Se deficiency [151, 152] . Interestingly, studies with macrophages from Msrb1 knockout mice suggest that MSRB1 promotes anti-inflammatory cytokine expression, and as such may limit inflammatory responses [153] . Inflammation is a very important contributor to colorectal malignancies. However, if and how MSRB1 expression may modulate colorectal inflammation or CRC directly has yet to be elucidated.
SELENOP has been linked to inflammatory CRC in an interesting haploinsufficient manner. In comparison to both wild type controls and systemic SELENOP knockout mice, animals that were heterozygous for SELENOP demonstrated an increase in number of tumors, degree of DNA lesions, and dysplasia [86] . However, this finding is complicated by SELENOP's important function as the hepatocyte-secreted plasma selenium transport protein, which impacts selenoprotein production within macrophages and other tissues, which in turn may regulate colorectal inflammation. Furthermore, dietary Se affects not only SE-LENOP expression, but also the composition of the intestinal microbiome [144, 154] , which makes it difficult to discern the direct mechanism by which SELENOP chiefly impacts inflammation.
Hallmark: Self-sufficiency in growth signals
Most CRC cases are sporadic rather than inherited, developing from a benign adenoma, progressing to cancer as a result of accumulated genetic and epigenetic changes [155] . In terms of molecular mechanisms in the development of colorectal tumors, there are three major signaling pathways in the intestinal epithelium that drive cell proliferation and differentiation (i.e., WNT, NOTCH, and BMP [156] ). The genes of the WNT/β-catenin signaling pathway are especially known to be functionally altered in tumor cells, thus providing self-sufficiency in cellular growth, which is another hallmark of cancer [27, 28] . The WNT/β-catenin-signaling pathway, which may be regulated by NOX1-derived hydrogen peroxide [156] , is an integral part of the normal cell proliferation regulation of intestinal epithelial cells, and important for maintenance of epithelial stem cells. β-catenin expression is often up-or de-regulated in colorectal tumors, frequently as a result of mutations in the adenomatous polyposis coli (APC) gene, although non-canonical WNT-signaling, such as the WNT/Ca 2+ -signaling pathway, may also be involved [157, 158] . NOX1, whose expression is increased in malignant colorectal tissues [156] , has been suggested to also play a role in the regulation of NOTCH1 and WNT/β-catenin-signaling pathways. As a result, cell proliferation and differentiation are affected, which not only may impact the development of colon epithelia, but also contribute to the proliferative potential of malignant cells [159] . Furthermore, extensive crosstalk between WNT/β-catenin-signaling pathway and other signaling pathways have been described [160, 161] , including those that Hanahan and Weinberg referred to as 'motility circuits' [28] . Some of the proteins involved in such pathways may directly or indirectly involve selenoproteins. GPX2 was found to inhibit inflammation-mediated tumorigenesis [143] . In order to further investigate the molecular mechanisms, Kipp et al. examined aspects of the canonical WNT/β-catenin cell signaling pathway, and demonstrated that the GPX2 promoter contains several putative β-catenin binding sites. Furthermore, overexpression of β-catenin in cancer cell lines resulted in activation of the GPX2 promoter [162] . This was further substantiated with subsequent in vitro and in vivo studies, where regulation of GPX2 expression by the WNT pathway was demonstrated [116] . Altogether, these findings not only suggest a function of GPX2 in the maintenance and renewal of the intestinal epithelium, but also further supports a function in colorectal tumorigenesis. Similarly, in experiments with GPX3-deficient mice, and paralleled with in vitro experiments using a colon cancer cell line, an increase in proliferation, along with increased nuclear and total β-catenin suggesting a hyperactive WNT signaling, was observed [112] .
The gene for TXNRD3 contains an additional N-terminal glutaredoxin domain. Unlike TXNRD1 or 2, this domain allows this isozyme, to participate in both thioredoxin and glutathione systems [23, 163] . Using cell culture models, Kipp et al. were able to demonstrate that TXNRD3 may also be a target for WNT, implying a role for TXNRD3 in proliferation, apoptosis and tumorigenesis [116] . Interestingly, mRNA expression of the type 3 deiodinase DIO3, a selenoprotein whose role is to inactivate the thyroid hormone T3, which regulates the bioavailability of thyroid hormones in tissues, was higher in human intestinal adenomas and carcinomas than in healthy intestinal tissue as quantitated in 24 CRC and matched normal tissue from the same patients. Similarly, mRNA and protein levels of DIO3 were highly expressed in six investigated colon cancer cell lines. In contrast, expression was found to be reduced in the most aggressive lesions [164] . The functional meaning of this remains to be elucidated, as expression of thyroid hormone deiodinases varies with development, cell type, and pathology [165] . Surprisingly, it appeared that DIO3 may be a β-catenin target, thus providing a cross-talk between the WNT/β-catenin and the thyroid hormone signaling pathways [164] . With the canonical WNT/β-catenin signaling pathway's importance in colorectal tumors as described earlier, a significant role for DIO3 in CRCs is likely.
Other contributors: single nucleotide polymorphisms suggest involvement of selenoproteins in CRC risk
Though not directly attributable to any specifics hallmark of cancer, it is important to note that various epidemiological studies have suggested associations between single nucleotide polymorphisms (SNPs) in at least seven different selenoprotein genes and risk of CRC. SNPs in GPX genes include those in GPX1 at loci 75 (proline → arginine), 192 (alanine → threonine), and 198 (proline → leucine). Of functional importance are especially those at GPX1 locus 198 [166] , and allelic loss at GPX1 locus 198 has been correlated with various cancers [167] . A study based on randomly selected samples from a Gastrointestinal Cancers Tissue Bank (Chicago, IL) from tumor and normal adjacent tissue from the same individuals identified loss of GPX1 heterozygosity in CRC cases at a frequency of 42% [168] . Interestingly, subsequent epidemiological analyses did not find genetic variants in the GPX1 gene to be associated with colorectal adenomas [169] , nor was loss of heterozygosity associated with benign colorectal adenomas in a population of patients in Tucson (AZ) [170] . While this suggests that loss of GPX1 heterozygosity may occur at a later stage in colorectal tumor development, earlier studies in both a Norwegian population and in a Danish population did not show an association between SNPs in the GPX1 locus 198 and CRC [171, 172] . Instead, the latter study showed a significant interaction between alcohol consumption and smoking, which was associated with increased CRC risk in homozygous GPX1 (198) Leucine carriers. Although there is plenty of evidence linking GPX1 to inflammation and other diseases, there doesn't appear to be a strong consensus regarding an association of SNPs in the GPX1 gene and CRC risk, because overall nutrition, as well as environmental and genetic factors are thought to influence the GPX1 expression, its catalytic activity, and thus its biological effects [173] .
Human polymorphisms in the GPX2 gene have been described [169, 174, 175] . Human polymorphisms in the GPX2 gene initially appeared to be associated with a lower risk for rectal cancers with TP53 mutations; however, this did not remain statistically significant after adjustment for multiple comparisons [175] , and no association with GPX2 SNPs were found with colorectal adenoma risk [169] . Thus, it remains to be elucidated, whether genetic variants in GPX2 result in modifications to CRC risk. In a population of CRC patients and controls from the Czech Republic, as well as in a study population from the United Kingdom, a GPX4 SNP in the 3' UTR at position 718 (rs713041) was associated with the risk of CRC and increased ulcerative colitis. Intriguingly, the variant carried in these two studies was not the same, and in a study in a Korean population, this association was not replicated [176] [177] [178] . Using a reporter construct to assess SECIS function, Bermano et al. showed increased reporter activity with the C variant compared to the T variant, independent of Se concentration [176] ; however, its relevance in vivo remains unknown. Interestingly, a significant two-loci interaction was observed with this GPX4 SNP and rs960531 in TXNRD2, but if this results in a functional interaction at the protein structure level remains to be elucidated [178] . Further in vivo analyses of GPX4 SNP functions are needed to assess whether the variant with greater activity is beneficial to malignant cells, possibly by combating oxidative stress, which may alter the inflammatory response, and thus aid tumorigenesis.
Evidence for TXNRD1's involvement in CRC from human studies, using a multiethnic panel of 102 subjects, suggested an overall association with advanced colorectal adenoma risk, resulting in a highly significant 80% risk reduction for carriers of the variant allele at TXNRD1 IVS1-181C→G [169] . However, because this SNP is located on the small EID3 gene (EP300 Interacting Inhibitor of Differentiation), which is nested within the intron between TXNRD1 splice variants 2 and 3 [179] , it remains to be elucidated if this SNP's association with colorectal adenoma risk is really due to TXNRD1 or speaks more to the function of EID3 [169] . A subsequent analysis of two population-based case-control studies of colon and rectal cancers showed that SNPs in TXNRD1 (rs17202060) correlated with colon cancer, but the association was not statistically significant after adjustment for multiple comparisons. However, interactions between TXNRD1 rs4964778 and non-steroidal anti-inflammatory drug use remained statistically significant for colon cancer [101] . Thus, results from epidemiological analyses suggest that TXNRD1 expression may impact colorectal malignancies, and high expression of TXNRD1 appears to negatively correlate with patient outcome in CRC [180] . However, given the many functions of the various splice variants, and the ability for TXNRD1 to function in both cancer prevention and promotion, it remains to be elucidated just how much of a role these SNPs play in human colorectal malignancies. SNPs in TXNRD2, which is usually found in mitochondria, and SNPs in TXNRD3, which is primarily found expressed in the testis, have also been associated with CRC [101, 178] . Additional experiments will be required to directly link TXNRD2 and TXNRD3 with CRC in humans.
Two SNPs in the SELENOF gene have been identified, at positions 811 (C/T) and 1125 (G/A), both located in the 3' UTR, including one within a SECIS element. Using reporter constructs, Hu et al. found that the T at position 811 and A at position 1125, individually, influenced SECIS function in a Se-dependent manner [181] . In a later study analyzing sequence data obtained from healthy controls and patients with CRC in a Korean population, these SNPs were found to be associated with cancer risk. The minor alleles for T (rs5845) and A (rs5859) were associated with an increased risk of rectal cancer in males (odds ratios of 2.47 and 2.51, respectively), suggesting links between SELENOF and rectal cancer risk [182] . Furthermore, in vitro data show that a T at position 811 or an A at position 1125 decreases UGA read-through, resulting in decreased expression of full length SELENOF, presumably decreasing CRC risk. It seems that, if expression of SELENOF is Se-dependent and Se levels are lower in individuals with colorectal malignancies, a decreased SELENOF expression in these CRC patients could be beneficial, depending on the stage of tumorigenesis.
In randomly selected samples from controls and patients with advanced distal colon adenomas that were collected as part of a larger cancer screening trial, four SNPs within the SELENOP gene were significantly associated with advanced colorectal adenoma risk. One rare SNP located in the promotor region (−4166C→G) was shown to be associated with increased risk. Among the other three SNPs, which are located in the 3' UTR, two SNPs were shown to increase adenoma risk (rs12055266, rs3797310 G→A), and one correlated with decreased risk (rs2972994C→T) of CRC [169] . In a population of CRC patients from the Czech Republic, the SELENOP (rs7579) SNP was found to be associated with malignancy, where individuals with at least one A allele correlated with increased CRC risk. Furthermore, a significant two-loci interaction was observed between SELENOP and either SELENOF or GPX4, suggesting that SNPs in these selenoproteins may influence risk of CRC [178] . Clearly, there is an association between SELENOP polymorphisms and risk of CRC, which is likely due to functional differences in gene expression.
Colorectal cancer risk was found to be modified by SELENOS SNPs in patients from the Czech Republic, and rs34713741 variants, in particular, were suggested to play a role in colon cancer development [25, 178] . Similarly, there was a mean odds ratio of 2.25 in female Koreans for the rs34713741 SNP in SELENOS with the T variant being associated with higher risk of rectal cancer [182] . A subsequent study based on two US populations found that another SELENOS SNP (rs9874) interacted with estrogen to modify colon cancer risk, similarly to what has been described for TXNRD2, SELENOW, and SELENOF [101] . Estrogen has been shown to play complex pro-and anti-inflammatory roles [183] , potentially providing a protective role in CRC for specific subpopulations [184] .
Human genome studies revealed three SELENOW SNPs (rs10412896; rs3786777; rs2042286) that interacted with estrogen to modify colon cancer or rectal cancer risk [101] . Based on findings in other human malignancies, it is unclear whether SELENOW SNPs affect SELENOW expression, and whether increased SELENOW expression contributes to the development of colorectal tumors. It is possible, that SELENOW expression simply correlates with increased Se status, which contributes to increased risk of colorectal tumorigenesis through pathways that include functions of other selenoproteins sensitive to the organism's Se status.
Selenoproteins with unknown roles in CRC
For several selenoproteins, expression in tissues of the intestinal tract appear to be minimal or haven't been described (DIO1, DIO2, GPX 6, SELENOI, SELENOV, SELENOO, SELENOT), therefore currently not supporting a role in CRC. For four additional selenoproteins, relationships to CRC are unclear, but appear to be more likely. SELENOK is a trans-membrane protein that appears to be involved in ER regulation of calcium flux and palmitoylation reactions [185, 186] . Evidence from in vitro [187] , clinical [185, 188] and epidemiological studies [189] suggest that SELENOK expression may be impacted by some malignancies. SELENOM, formerly known as SELM, is a structural homolog to SELENOF. Similarly, SELENOM is an ER-resident protein with potential for redox activity [190] , and it has been implicated in preventing oxidative stress [191] , and to be indirectly involved in the quality control pathways of protein folding [92, 190, 192] . Whereas expression of SELENOM appears particularly high in the brain [193, 194] and liver tissues [192] , information on SELENOM expression in normal or malignant colorectal tissues or cells is sparse. mRNA expression analyses of mice on various Se diets suggested that Selenom expression in colorectal tissues is sensitive to Se intake [92] , suggesting a potential role in CRC that would benefit from further elucidation. Similarly, another ER-resident selenoprotein, SELENON (formerly known as SelN or SepN1), is thought to be involved in the cell's protection against oxidative stress, as well as in redox-related calcium homeostasis (reviewed in [186] ), and four SNPs of SELENON (rs11247735; rs2072749; rs4659382; rs718391) have been associated with rectal cancer [101] . Mammalian Selenophosphate Synthetase 2 (SEPHS2, also known as SPS2) is an important selenoenzyme involved in generating the Se donor for Sec, and thus an important regulator of selenoprotein synthesis [195] . Lower mRNA SEPHS2 expression levels were observed in breast cancer tissues [196] , and SEPHS2 may play a role by regulating Sec, and thus selenoprotein synthesis. This may impact colorectal expression of selenoproteins and thus indirectly affect pathologies and malignancies in the intestinal tract.
Conclusion
Selenium plays an important role in human health and disease, including colorectal inflammation and cancer. A decreased Se status is often correlated with increased CRC risk. Although the exact mechanisms in many cases remain to be elucidated, selenoproteins appear to affect multiple signaling pathways that reflect those properties of cancer cells often referred to as 'hallmarks of cancer' [27, 28] . Especially those selenoproteins that link directly or indirectly to redox homeostasis via regulation of oxidative stress, apoptosis, or inflammation and immune responses (e.g., GPX1-4, TXNRD1, SELENOF, SELENOP), but also those that have been linked to the canonical WNT/β-catenin signaling pathway (e.g., DIO3, GPX2, TXNRD3, SELENOP), appear to have a direct impact on CRC risk and development. This is likely because signaling pathways in redox homeostasis network with classical signal transduction pathways in every cancer hallmark and enabling characteristic [29] . Imbalances in these pathways may be the driving force [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] of tumor initiation and progression, thus ultimately affecting colorectal tumorigenesis. In recent years, evidence of the contributions of the intestinal microbiome to colorectal pathogenesis has emerged. Because both dietary Se as well as selenoproteins expression appear to regulate intestinal microflora, this further intertwines selenoproteins with redox homeostasis and inflammation. Human genome studies have linked various SNPs in selenoproteins genes with CRC risk, and there is strong evidence that a number of selenoprotein SNPs have functional consequences (e.g., GPX1-2, SELENOP, TXNRD1). Thus, even though the functions for some selenoproteins remain to be elucidated, strong links have been provided for several selenoproteins and the development or progression of CRC by in vitro, in vivo, and evidence from human clinical trials (Table 1) . Thus, selenoproteins could provide targets for cancer treatment or prevention strategies, and additional in vitro, animal, and clinical research is necessary to elucidate such potential.
Funding
This work was supported by Towson University and the National Institutes of Health CA080946.
